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Objective: To evaluate differences in tibial trabecular bone (TB) texture between subjects with and
without radiographic knee osteoarthritis (OA) using a variance orientation transform (VOT) method.
Design: Subjects with knee OA (Kellgren & Lawrence grade 2) and controls without OA (both n¼ 26,
seven women) were matched by sex, age, body mass index and compartment. The VOT method was
applied to TB X-ray images and fractal signature and dimension in horizontal (FSH, FDH) and vertical (FSV,
FDV) directions and along the roughest part of TB (FSSta, FDSta), texture aspect ratio (Str) and signature
(StrS), and mean FD (FDMEAN) were calculated. The VOT method was compared against an augmented
Hurst orientation transform (HOT) method using paired t tests, intraclass correlation coefﬁcients (ICCs)
and coefﬁcients of variation (CVs%). Longitudinal sensitivity to OA bone changes was not assessed.
Results: For the reproducibility of texture parameters, ICCs were >0.75 and CVs% were <8.2% for both
methods. Compared with controls, FDMEAN, FDH, FDV and FDSta for OA knees were lower (P< 0.001), while
Str was higher in both medial (P¼ 0.03) and lateral (P¼ 0.02) compartments. FSH, FSSta were lower for OA
knees than for controls at sizes 0.3e0.7 mm (P< 0.001) in both compartments. In lateral compartment,
FSV for OA knees was lower than for controls at sizes 0.3e0.5 mm (P< 0.001) and 0.55e0.70 mm
(P< 0.02), while in medial compartment at sizes 0.3e0.7 mm (P< 0.001). Compared with controls, StrS
for OA knees was higher at sizes 0.3, 0.55e0.70 mm in medial (P< 0.03) and lateral (P< 0.04)
compartments.
Conclusions: The VOT method is comparable to HOT method in the reproducibility of texture parameters
and the ability to discriminate between non-OA and OA TB textures. However, unlike the HOT method, it
quantiﬁes texture roughness along the roughest part of the tibial bone, texture anisotropy at individual
trabecular sizes and it works over a larger range of trabecular sizes. The VOT method may be a valuable
tool for studying OA changes in TB.
 2010 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Trabecular bone (TB) structure and organization changes are
associated with the development and progression of osteoarthritis
(OA)1e3. Studies indicate that changes in TB structure occur in early
stages of OA3,4. Therefore, there is a growing interest in quantifying
OA bone changes for diagnostic and prognostic purposes. The most
promising approach appears to be a fractal analysis of radiographicarcin Wolski, The University
of Mechanical Engineering,
9, Australia. Tel: 61-8-6488-
lski).
s Research Society International. Pimages of TB. The reasons are following: (1) TB exhibits fractal
properties, i.e., it is self-similar over a wide range of scales5,6, (2)
radiography is the cheapest and most popular imaging technique
used in routine clinical screening7, (3) radiography is a 2D projec-
tion technique containing data directly related to the underlying 3D
TB structure (TB texture image)8,9, (4) differences in TB structure
between non-OA and OA knees can be quantiﬁed using fractal
methods10,11, and (5) TB texture images contain information that is
useful for the prediction of knee OA12.
Of the many fractal methods used to analyse bone textures,
a fractal signature analysis (FSA) and an augmented Hurst orien-
tation transform (HOT) methods were found particularly useful10,11.
Unlike other methods, they provide measures of TB texture
roughness at different scales in the vertical and horizontal direc-
tions. In addition, the HOT method provides a measure of textureublished by Elsevier Ltd. All rights reserved.
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and a degree of TB anisotropy10. Although thesemethods are useful,
they do not measure TB structure at different trabecular sizes in all
directions. Since morphometric and anisotropy measures of TB
change with spatial resolution13, and TB changes in OA knee joints
might occur in directions other than vertical and horizontal2,
methods that are able to calculate fractal dimensions (FDs) at
individual scales (i.e., at individual trabecular sizes) in all possible
directions are required.
Recently, three new methods have been developed and used to
calculate FDs at individual scales (i.e., fractal signature) in all possible
directions, i.e.: a fractal signature Hurst orientation transform
(FSHOT)method, avariance orientation transform (VOT)method and
a blanket with rotating grid (BRG) method14. The accuracy of these
methods in measuring texture roughness and anisotropy was
evaluatedusing computer generated fractal surface images andX-ray
images of a proximal human tibia. The VOT method performed bet-
ter than other two methods when radiographic conditions were
varied, i.e.: noise (5e25%), blur (regular and ﬁne screen-ﬁlm
systems), exposure (2.5e30 mAs), magniﬁcation (1.13, 1.23, and
1.35), and projection angle (0e15)14. However, the VOT method
was not evaluated for quantifying differences in the structure of TB in
subjects with and without radiographic OA.
The present study evaluates the VOT method to quantify
differences in TB texture between X-ray images of OA and non-OA
tibia bones that were matched by age, sex, body mass index (BMI)
and knee compartment. The results obtained were compared
against results published for the augmented HOT method10.Subjects and methods
Subjects and radiographic technique
A cross-sectional caseecontrol study designwas used. The study
sample and radiographs were identical to our previous study10. In
brief, case and control subjects (both n¼ 26, seven women) were
individually matched by age, sex, BMI and medial or lateral
compartment. All cases had medial meniscectomy and medial
compartment radiographic knee OA. Meniscectomy was performed
17e22 years earlier15. Controls were randomly selected from the
general population but they were without knee surgery, meniscal
or cruciate ligament injury and radiographic knee OA (no signs of
osteophytes or joint space narrowing (JSN) on anteroposterior
radiographs) (Table I)10,15. Knee symptoms were not part of the
criteria used for sampling or matching, neither for cases nor
controls.
Standing anteroposterior ﬁlm radiographs were acquired from
all subjects. Knee joints were assessed for JSN and osteophytes10.
Radiographic knee OA was deﬁned as Kellgren & Lawrence (K&L)
grade 2 or worse. Radiographs were digitized to 256 bit grey scale
with 0.05 mm 0.05 mm resolution.Regions of interest (ROI)
TB ROIs were 256 256 pixels, located in the mid-tibial plateau
and identical to those used in the reference10. The ROIs wereTable I
Subject characteristics of cases and controls. Data reported are the mean (standard
deviation), except for sex
Cases (n¼ 26) Controls (n¼ 26)
Age (years) 55.1 (12.1) 55.2 (11.0)
BMI (kg/m2) 25.1 (3.0) 25.9 (3.1)
Sex (no. of women) 7 7selected manually on the subchondral bone immediately under the
medial and lateral cortical plates of the tibia. The landmarks used
for this selection were: tibial borders, tibial spine, ﬁbula head and
cortical plates. Epiphyseal bone and physis were not considered in
the selection of ROIs. Knee radiograph with selected TB regions is
shown in Fig. 1.VOT method
The VOTmethod calculates FSs in all possible directions. The FSs
calculated are used to obtain texture roughness and anisotropy
parameters at individual scales14. This method is based on calcu-
lating absolute differences in grey-scale level values for all pairs of
pixels within a circular search region (the inner and outer radii
were 4 and 16 pixels, respectively) that moves across the ROI. The
differences obtained from each search region, along with the cor-
responding directions and distances between the pixels, are stored
in a set. Variances of the differences stored are calculated for each
direction and distance. For each direction, variances obtained are
plotted using log-log coordinates against distances. The logelog
data points are divided into overlapping sets shifted by one data
point and a line is ﬁtted to each set (each set has ﬁve data points).
From the slope of the line ﬁtted, a Hurst coefﬁcient (H) at individual
scale is calculated. The coefﬁcient relates to fractal dimension (FD)
as FD¼ 3H. Hurst coefﬁcients obtained at each scale are plotted
using polar coordinates as a function of direction. Based on ellipses
ﬁtted to the rose plots of Hurst coefﬁcients, the following nine
texture parameters are calculated:
 Fractal signature along a direction of the roughest part of the
tibial bone (FSSta). This parameter is deﬁned as the set of FDs
calculated at individual scales (i.e., trabecular texture image
sizes) in directions of the roughest parts of the tibial bone.
This direction is the angle between a line parallel to the
horizontal axis of the image and the major axis of the ellipse
ﬁtted. The FD at individual scale is calculated using the
formula 3 Sta, where Sta is half the minor axis length of the
ellipse ﬁtted at a given scale. FSSta characterises changes in TB
texture roughness at different trabecular image sizes and it is
associated with the principal loading direction of the TB.
Characterisation of TB texture at different scales provides
valuable information on TB changes in OA10,11.
 Fractal signature in the horizontal (FSH) and vertical (FSV)
directions. These parameters are deﬁned as the set of FDs
calculated at individual scales in the horizontal or vertical
directions. OA changes in TB at different scales in these two
directions are signiﬁcant10,11.Fig. 1. A sample X-ray image with selected TB region of interests.
M. Wolski et al. / Osteoarthritis and Cartilage 18 (2010) 684e690686 Texture aspect ratio signature (StrS) is deﬁned as the set of
ratios of theminor axes to themajor axes of the ellipses ﬁtted.
It measures a degree of bone texture anisotropy at different
trabecular image sizes. It takes values between 0 and 1. The
lower the values of this parameter, the higher the TB
anisotropy is. TB anisotropy changes with OA4,10.
 Minor axis fractal dimension (FDSta). This parameter is
calculated as the mean of FSSta. FDSta represents the overall
roughness of TB texture along a direction of the roughest part
of the tibial bone.
 Mean (FDMEAN), horizontal (FDH) and vertical (FDV) fractal
dimensions. FDMEAN measures the overall roughness of TB
texture and is deﬁned as 3 (the mean of all Hurst coefﬁ-
cients). FDH and FDV are calculated as themean of FSH and FSV,
respectively. FDH and FDVmeasure the overall roughness of TB
texture in the horizontal and vertical directions, respectively.
 Texture aspect ratio (Str) is calculated as the mean of StrS. It
measures the overall degree of TB texture anisotropy.
The VOT method was applied to TB ROIs and Hurst coefﬁcients
were obtained for scales ranging from 0.3 to 0.7 mm in steps of
0.05 mm.Augmented HOT method
The VOT method was compared against an augmented HOT
method10 using statistical analyses listed in the next section. The
latter method is an augmented version of the modiﬁed HOT
method16. The augmented HOT method was chosen since it
produces a more detailed description of OA changes than a FSA
benchmark method10. This augmentation to the modiﬁed HOT
method was achieved by adding FSH and FSV. The modiﬁed HOT
method is based on searching the greatest absolute differences of
grey-scale level values of all pairs of pixels within a circular search
region that moves across the entire ROI10. The greatest differences,
along with corresponding distances between the pixels and direc-
tions are used to build a HOT image. The image is used to construct
a log-log plot of the greatest differences vs distances for each
direction. Based on the logelog plots, Hurst coefﬁcients are calcu-
lated. The Hurst coefﬁcients are plotted using polar coordinates as
a function of direction and an ellipse is ﬁtted to this plot. Based on
the ellipse ﬁtted and the Hurst coefﬁcients the following ﬁve
texture parameters are calculated: FDH, FDV, FDSta, Str and FDMEAN.
To add FSH and FSV, ﬁrst, data points of the HOT image that corre-
spond to the horizontal and vertical directions are extracted. For
each direction, these data points are then divided into overlapping
data sets (each set has seven data points) that are shifted by one
data point. From the slope of the line ﬁtted to each set, a Hurst
coefﬁcient at individual scale is calculated and FSH and FSV are
obtained.Table II
A comparison of intra- and inter-rater reproducibility of texture parameters calculated us
The reproducibility was assessed using the ICC and CV%. The results are reported as ICC,
Texture parameter Intra-rater reproducibility
At1At2 Bt1Bt2 Ct1Ct2
FDSta 0.97, 1.16 (0.97, 0.74) 0.96, 1.35 (0.90, 1.60) 0.95, 1.50 (0.86
FDMEAN 0.98, 0.83 (0.98, 0.54) 0.97, 0.97 (0.95, 1.16) 0.96, 1.03 (0.91
FDH 0.98, 0.59 (0.97, 1.57) 0.99, 0.53 (0.92, 2.72) 0.98, 0.44 (0.89
FDV 0.99, 0.47 (0.98, 1.35) 0.98, 0.59 (0.96, 2.0) 0.99, 0.49 (0.91
Str 0.86, 5.65 (0.95, 4.22) 0.86, 5.21 (0.88, 6.72) 0.80, 7.34 (0.83
Investigators: A¼ trained technician for the selection of ROIs; B, C¼ untrained technician
by the individual investigator at time t1 and t2 (t2 t1¼week). Inter-rater reliability w
ICCs for the augmented HOT method were taken from Ref. 10.The augmented HOT method was applied to TB ROIs and Hurst
coefﬁcients were obtained for scales ranging from 0.3 to 0.65 mm
in steps of 0.05 mm.Data analysis
The following statistical analyses of the texture parameters were
performed10:
 Reproducibility of texture parameters was evaluated using
intraclass correlation coefﬁcient (ICC) and a coefﬁcient of
variation (CV%). For this purpose, bone ROIs were selected by
three investigators. One investigator was trained for the
selection of bone ROIs, while two others were not trained. To
assess intra-rater reproducibility, each investigator selected
the bone ROIs twice at different times.
 Ability to discriminate between non-OA and OA TB textures
was evaluated using paired samples t tests and Wilcoxon
signed-rank tests. The tests were two tailed and P< 0.05 was
considered signiﬁcant. ShapiroeWilk tests were used to
check normality in texture parameters and P< 0.01 was
assumed non-normal. Longitudinal sensitivity to OA change
was not assessed in this study.
 The VOT and augmented HOT methods were also compared
using Bland and Altman plots17, 95% limits of agreements
(LOAs)17, CVs% and biases for FSH and FSV at sizes
0.3e0.65 mm, FDMEAN, FDSta, Str, FDV and FDH. A weighted
least products regression (WLPR) analysis was used to test for
the presence of ﬁxed and proportional biases18. LOA was
deﬁned as d 2s, where d is the mean difference of pairs of
values of texture parameters, and s is the standard deviation
of the differences. However, a good agreement between the
methods is assumed if LOA lies between 0.05 and 0.05. The
assumption is based on results obtained in previous
studies10,19. It was showed that differences in FDs for OA and
non-OA knee joints are about 0.05.
SPSS 16 software (SPSS Inc., Chicago, IL, USA) was used for
statistical calculations.Results
Reproducibility
The ICC values of intra-rater and inter-rater reproducibility of
texture parameters were 0.94 or higher (Table II), except for the Str
parameter (ICC from 0.76 to 0.86). The values of CV% were between
0.44% and 1.62% for FDMEAN, FDH, FDV and FDSta, and between 5.21%
and 7.67% for Str (Table II).ing the VOT method and the augmented HOT method (given below in parentheses).
CV%
Inter-rater reproducibility
At1Bt1 At1Ct1 Bt1Ct1
, 1.73) 0.96, 1.24 (0.94, 1.18) 0.95, 1.47 (0.91, 1.48) 0.94, 1.62 (0.91, 1.46)
, 1.58) 0.97, 0.87 (0.96, 0.98) 0.96, 1.00 (0.96, 1.00) 0.96, 1.03 (0.96, 0.02)
, 3.10) 0.98, 0.60 (0.94, 2.20) 0.98, 0.66 (0.95, 1.98) 0.98, 0.63 (0.94, 2.37)
, 2.86) 0.99, 0.52 (0.96, 1.80) 0.99, 0.49 (1.00, 0) 0.99, 0.49 (0.96, 1.80)
, 8.15) 0.86, 5.95 (0.91, 5.86) 0.80, 6.94 (0.90, 6.13) 0.76, 7.67 (0.91, 5.67)
s. Intra-rater reliability was calculated for texture parameters of bone ROIs selected
as calculated for three pairs of investigators at time t1.
Table III
Mean standard deviation (P value) differences of FDSta, FDMEAN, FDH, FDV and Str parameters between cases and controls in themedial and lateral compartments calculated by
the VOT and augmented HOT methods
Texture parameter Medial compartment Lateral compartment
VOT HOT VOT HOT
FDSta 0.17 0.12 (<0.001) 0.14 0.17 (0.001) 0.14 0.12 (<0.001) 0.11 0.15 (0.001)
FDMEAN 0.18 0.13 (<0.001) 0.14 0.17 (0.001) 0.14 0.14 (<0.001) 0.10 0.14 (0.001)
FDH 0.17 0.14 (<0.001) 0.18 0.27 (0.002) 0.16 0.12 (<0.001) 0.21 0.31 (0.003)
FDV 0.22 0.14 (<0.001) 0.20 0.26 (0.001) 0.16 0.17 (<0.001) 0.14 0.32 (0.04)
Str 0.06 0.13 (0.03) 0.12 0.22 (0.008) 0.09 0.18 (0.02) 0.05 0.21 (0.25)
Differences calculated for the augmented HOT method are based on data used in Ref. 10.
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The ShapiroeWilk tests indicated that differences between
parameters were approximately normally distributed (P> 0.01),
except for differences calculated for FDSta and FDV at size 0.30 mm
in the medial tibial plateau ROI, and for FDH at size 0.30 mm in both
medial and lateral tibial plateau ROIs. For these parameters,
Wilcoxon signed-rank tests were used.
Comparedwith controls, the values for OA knees of FDMEAN, FDH,
FDV and FDSta calculated using the VOT method were signiﬁcantly
lower (P< 0.05) over trabecular image sizes 0.3e0.7 mm in both
ROIs (Table III). In both ROIs, the values of Str calculated for the OA
knees were signiﬁcantly higher (P< 0.05) than those obtained for
controls over sizes 0.3e0.7 mm (Table III).Table IV
Mean standard deviation (P value) differences of FSH, FSV, FSSta, and StrS parameters be
VOT and augmented HOT methods
Texture parameter Trabecular image
size (mm)
Medial compartment
VOT HO
FSH 0.30 0.22 0.17 (<0.001) 0
0.35 0.19 0.15 (<0.001) 0
0.40 0.16 0.14 (<0.001) 0
0.45 0.15 0.13 (<0.001) 0
0.50 0.15 0.13 (<0.001) 0
0.55 0.17 0.14 (<0.001) 0
0.60 0.17 0.14 (<0.001) 0
0.65 0.15 0.14 (<0.001) 0
0.70 0.14 0.14 (<0.001) e
FSV 0.30 0.27 0.20 (<0.001) 0
0.35 0.24 0.17 (<0.001) 0
0.40 0.22 0.15 (<0.001) 0
0.45 0.21 0.14 (<0.001) 0
0.50 0.21 0.13 (<0.001) 0
0.55 0.21 0.13 (<0.001) 0
0.60 0.21 0.13 (<0.001) 0
0.65 0.21 0.13 (<0.001) 0
0.70 0.21 0.13 (<0.001) e
FSSta 0.30 0.22 0.17 (<0.001) e
0.35 0.19 0.14 (<0.001) e
0.40 0.17 0.13 (<0.001) e
0.45 0.15 0.12 (<0.001) e
0.50 0.15 0.12 (<0.001) e
0.55 0.15 0.11 (<0.001) e
0.60 0.15 0.11 (<0.001) e
0.65 0.15 0.11 (<0.001) e
0.70 0.14 0.11 (<0.001) e
StrS 0.30 0.04 0.09 (0.03) e
0.35 0.03 0.11 (0.12) e
0.40 0.03 0.12 (0.18) e
0.45 0.03 0.12 (0.24) e
0.50 0.04 0.13 (0.11) e
0.55 0.08 0.15 (0.02) e
0.60 0.09 0.17 (0.01) e
0.65 0.09 0.19 (0.02) e
0.70 0.08 0.19 (0.03) e
e Denotes values that are not calculated by the augmented HOT method.
Differences calculated for the augmented HOT method are based on data used in Ref. 10In both medial and lateral tibial plateau ROIs, FSH, FSV and FSSta
calculated using the VOT method for OA knees were signiﬁcantly
lower (P< 0.05) than those obtained for controls at sizes
0.3e0.7 mm (Table IV). Compared with controls, TB in OA knees
showed signiﬁcantly higher StrS (P< 0.05) at sizes 0.3 and
0.55e0.70 mm (Table IV).
VOT method vs augumented HOT method
The best agreement between the methods was obtained for
FDMEAN. The LOA calculated was0.02 0.2 and the corresponding
Bland and Altman plot is shown in Fig. 2.
For the VOT method, the lowest (3.8%) and highest (17.9%)
values of CV% were obtained for FSH at size 0.70 mm and Str,tween cases and controls in the medial and lateral compartments calculated by the
Lateral compartment
T VOT HOT
.20 0.25 (<0.001) 0.25 0.18 (<0.001) 0.23 0.26 (<0.001)
.17 0.25 (0.002) 0.21 0.15 (<0.001) 0.20 0.27 (0.002)
.14 0.23 (0.005) 0.17 0.13 (<0.001) 0.19 0.24 (0.001)
.11 0.21 (0.02) 0.14 0.12 (<0.001) 0.19 0.23 (0.001)
.10 0.22 (0.03) 0.15 0.11 (<0.001) 0.18 0.24 (0.001)
.08 0.26 (0.05) 0.16 0.11 (<0.001) 0.15 0.29 (0.02)
.07 0.29 (0.22) 0.15 0.11 (<0.001) 0.09 0.32 (0.17)
.08 0.34 (0.26) 0.12 0.11 (<0.001) 0.01 0.35 (0.85)
0.11 0.11 (<0.001) e
.18 0.20 (<0.001) 0.25 0.19 (<0.001) 0.22 0.23 (<0.001)
.18 0.23 (0.001) 0.20 0.17 (<0.001) 0.23 0.23 (<0.001)
.16 0.25 (0.004) 0.17 0.16 (<0.001) 0.20 0.30 (0.003)
.16 0.30 (0.01) 0.15 0.16 (<0.001) 0.12 0.31 (0.07)
.19 0.34 (0.009) 0.14 0.17 (<0.001) 0.05 0.34 (0.45)
.15 0.37 (0.05) 0.13 0.18 (0.001) 0.03 0.38 (0.73)
.15þ 0.39 (0.06) 0.12 0.19 (0.004) 0.06 0.39 (0.48)
.14þ 0.44 (0.11) 0.12 0.20 (0.01) 0.10 0.39 (0.20)
0.11 0.21 (0.02) e
0.23 0.18 (<0.001) e
0.19 0.16 (<0.001) e
0.16 0.14 (<0.001) e
0.13 0.13 (<0.001) e
0.12 0.12 (<0.001) e
0.13 0.11 (<0.001) e
0.12 0.11 (<0.001) e
0.11 0.10 (<0.001) e
0.10 0.10 (<0.001) e
0.06 0.13 (0.04) e
0.05 0.14 (0.07) e
0.05 0.17 (0.18) e
0.04 0.19 (0.28) e
0.08 0.22 (0.10) e
0.13 0.23 (0.01) e
0.14 0.23 (0.005) e
0.13 0.22 (0.007) e
0.11 0.21 (0.02) e
.
Fig. 2. A Bland and Altman plot of FDMEAN calculated by the VOT and HOT methods.
Agreement between the methods is assumed to be good if LOA lies in the range of
0.05 to 0.05.
Table VI
Outcomes of WLPR analyses for biases of FDSta, FDMEAN, FDH, FDV, Str, FSV, FSSta, and
StrS parameters between the VOT and augmented HOT methods. Single and double
asterisks denote ﬁxed and proportional biases (P < 0.05), respectively
Texture
parameter
Trabecular image
size (mm)
Intercept a 95% CI Slope b 95% CI
FDSta 0.30e0.70y 0.32 0.00e0.60 0.94 0.83e1.07
FDMEAN 0.30e0.70y 0.05 0.44e0.28 1.01 0.88e1.16
FDH 0.30e0.70y 1.50* 1.29e1.69 0.50** 0.42e0.59
FDV 0.30e0.70y 1.26* 1.0e1.47 0.53** 0.44e0.64
Str 0.30e0.70y 0.17* 0.06e0.26 0.78** 0.65e0.95
FSH 0.30 0.44* 0.13e0.71 0.84** 0.72e0.97
0.35 0.76* 0.47e1.00 0.72** 0.61e0.84
0.40 0.87* 0.58e1.11 0.69** 0.59e0.80
0.45 1.04* 0.76e1.27 0.63** 0.54e0.74
0.50 1.21* 0.95e1.44 0.57** 0.48e0.77
0.55 1.40* 0.13e1.62 0.50** 0.42e0.60
0.60 1.64* 1.41e1.84 0.41** 0.34e0.50
0.65 1.82* 1.60e1.99 0.36** 0.30e0.44
FSV 0.30 0.09 0.47e0.23 1.03 0.59e1.18
0.35 0.25 0.13e0.57 0.87 0.74e1.02
0.40 0.58* 0.23e0.88 0.73** 0.62e0.87
0.45 0.71* 0.35e1.00 0.68** 0.57e0.82
0.50 0.91* 0.57e1.19 0.60** 0.50e0.73
0.55 0.11* 0.72e1.33 0.55** 0.45e0.67
0.60 1.10* 0.77e1.36 0.54** 0.44e0.65
0.65 1.00* 0.65e1.29 0.57** 0.57e0.69
The regression equation is E(VOT)¼ aþ b(HOT).
y Trabecular image sizes 0.30e0.65 mm were used for the HOT method.
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were 5.1% and 21.6% for FDMEAN and Str, respectively (Table V).
TheWLPR analysis showed positive ﬁxed biases (95% conﬁdence
intervals do not include 0) and proportional biases less than 1 (95%
conﬁdence intervals do not include 1) for all parameters calculated
by the VOT method, except for FDSta, FDMEAN and FSV at sizes 0.30
and 0.35 mm (Table VI).Discussion
In this study, the VOT method was used to quantify the differ-
ences in TB texture between subjects with and without medial
compartment radiographic knee OA. The performance of the
method was compared against the augmented HOT method using
paired t tests, ICCs, CVs%, Bland and Altman plots, 95% LOAs and
WLPR analyses.Table V
CVs% of FDSta, FDMEAN, FDH, FDV, Str, FSV, FSSta, and StrS parameters calculated for the
VOT and augmented HOT methods
Texture parameter Trabecular image size (mm) VOT HOT
FDSta 0.30e0.70y 4.6 5.2
FDMEAN 0.30e0.70y 5.3 5.1
FDH 0.30e0.70y 4.5 10.1
FDV 0.30e0.70y 6.2 10.6
Str 0.30e0.70y 17.9 21.6
FSH 0.30 7.1 8.7
0.35 5.9 8.4
0.40 4.9 7.5
0.45 4.4 7.2
0.50 4.3 7.7
0.55 4.3 9.1
0.60 4.2 10.2
0.65 3.9 10.4
0.70 3.8 e
FSV 0.30 8.1 7.8
0.35 7.0 7.7
0.40 6.4 8.2
0.45 6.1 8.5
0.50 6.1 9.2
0.55 6.1 9.9
0.60 6.1 10.5
0.65 6.1 10.8
0.70 6.1 e
y Trabecular image sizes 0.30 to 0.65 mm were used for the HOT method.The ICC values of >0.75 for bone ROIs selected by three inves-
tigators show that the texture parameters are reproducible and the
coefﬁcients are comparable to those obtained for the augmented
HOT method. Generally, values of ICC> 0.75 indicate agreement
beyond chance20. The CVs% obtained for the VOT and HOT methods
were comparable and they were less than 4%, except for Str. The
reproducibility of the Str parameter was the lowest. This can be
explained by the fact that the Str parameter is a mean of StrS values
calculated for the entire image and TB structure exhibits local
changes in anisotropy21.
Using the VOT method, the values of overall FDs (i.e., FDMEAN,
FDH, FDV and FDSta) calculated for TB textures of OA knees were
lower and the values of Str were higher than controls. These
differences were found in ROIs for both tibial compartments over
trabecular image sizes 0.3e0.7 mm. Similar results were obtained
using the augmented HOT method with the one exception, i.e., no
signiﬁcant change in Str values was detected in the lateral
compartment. One possible explanation is that in the VOT method,
the calculation of Str is based on TB texture roughness quantiﬁed at
each individual trabecular image size, while in the augmented HOT
method, this calculation is based on the texture roughness quan-
tiﬁed over all sizes.
Compared with controls, TB in OA knees exhibited lower FSH
and FSV in both medial and lateral tibial plateau ROIs at trabecular
image sizes 0.3e0.7 mm. Similar results were obtained using the
augmented HOT method at sizes 0.3e0.55 mm. The difference in
trabecular image size ranges could be explained by the fact that the
augmented HOT method was speciﬁcally designed to detect TB
changes occurring at small trabecular image sizes10.
The VOT method produced two new texture parameters (i.e.,
FSSta, StrS) and the new scale of 0.7 mm as compared to the HOT
method. Using these parameters and the scale additional differ-
ences were found in tibial TB texture between subjects with and
without medial OA:
1. FSSta calculated for OA knees were found to be lower than
controls at sizes 0.3e0.7 mm. A recent study showed that there
M. Wolski et al. / Osteoarthritis and Cartilage 18 (2010) 684e690 689are more plates than rods in TB, a majority of plates are
oriented along the principal direction of loading, and they are
major determinants of mechanical properties of TB22. There-
fore, it can be hypothesized that the change found in FSSta
indicates OA changes in TB plates of different sizes due to
abnormal joint loading in the OA knee. This possible explana-
tion requires further veriﬁcation.
2. StrS were higher in subjects with OA than in controls at sizes
0.3 and 0.55e0.70 mm. This could indicate a realignment of
larger TB plates along either the vertical direction of tibia or the
direction perpendicular to the articular surface of tibia. This
explanation is based on a study by Kamibayashi et al., who
found that, compared with controls, OA tibia bones have
trabeculae aligned mostly along these two directions2.
3. FSH and FSV were lower in both compartments in subjects with
OA than in controls at size 0.7 mm. This decrease could be
associated with the thickening of large trabeculae in OA knees.
This hypothesis has some support from previous study, where
it was showed that trabeculae is thicker in OA tibial bones than
in non-OA tibia bones1. However, to determine whether this is
the case further studies are required.
Although the cases investigated hadmedial compartment knee OA,
both medial and lateral tibial plateau ROIs exhibited similar
changes in texture parameters. One possible explanation is that
a loss of joint space in the medial compartment is also associated
with changes in both loading and TB structure in the lateral
compartment. It was shown that there is a strong correlation
between a loss of cartilage volume and thickness in medial
compartment and changes in TB structure (i.e., an increase of bone
separation and a decrease of bone thickness, volume and number)
in lateral compartment23,24. Another possible explanation is that
changes in texture parameters found in the lateral tibial plateau ROI
are due to the medial meniscectomy. Previous studies showed that
after medial meniscectomy, both TB density and compressive
strains in the bone decrease in the lateral compartment25e27.
The FSs in the VOT and augmented HOT methods were calcu-
lated for sizes 0.3e0.7 mm and 0.3e0.65 mm, respectively. The
difference in ranges is because the Hurst coefﬁcients in the VOT
method are calculated using ﬁve neighbouring logelog data points,
while in the augmented HOT method, seven points are used.
Therefore, the VOT method is able to quantify more trabecular
image sizes than the augmented HOT method within the same
search region. The overall texture parameters (i.e., FDMEAN, FDH,
FDV, FDSta and Str) were calculated over sizes 0.3e0.7 mm (VOT
method) and 0.2e1.1 mm (HOT method). The difference may be
explained by the fact, that in the VOT method these parameters are
calculated using the rose plots constructed for each individual
trabecular image size, while in the augmented HOT method, they
are obtained from a single rose plot constructed for all sizes.
CVs% of texture parameters calculated for the HOTmethod were
higher than those calculated for the augmented VOTmethod (Table
V). Biases between the VOTand HOTmethodswere evaluated. Most
of the texture parameters calculated by the VOTmethod had higher
values and were progressively lower than those calculated by the
HOT method (Table VI). This is likely explained based on the search
for the greatest differences in grey-scale values (HOT method). The
presence of a single pair of pixels with “unusually large difference”
can signiﬁcantly alter values of the parameters calculated.
However, this is not the case for the VOT method since variances of
differences of all pairs of pixels are used instead. Differences
between themethods are high-lighted by the fact that the 95% LOAs
of texture parameters were lying outside the range of 0.05 to 0.05
as shown, for example, in the BlandeAltman plot in Fig. 2. However,
agreement per se between the texture parameters calculated bythese methods is of secondary interest. It is more important
whether the method is sensitive to differences between OA and
non-OA TB textures and at the same provides reproducible results.
The results obtained in this study showed that the texture
parameters calculated by the VOT method are reproducible and
able to detect statistically signiﬁcant differences between TB
textures as good or better than the HOT method.
This work has some limitations. Firstly, this is a study of the VOT
method's cross-sectional performance to differentiate between OA
knees and non-OA knees. Longitudinal sensitivity to OA bone
changes was not assessed. However, based on the results obtained,
it appears that the VOT method has potential to be used in studies
of OA changes in TB. Such TB changes may even precede the typical
radiographic ﬁndings of OA, and thus, they might be used to
identify subjects at high risk of radiographic progression, e.g., this is
important in the recruitment of subjects for clinical trials. As our
next step we plan, using a longitudinal study design, to evaluate
whether the VOT method can be used to predict development and
progression of the disease. Secondly, in the VOT method, scales
used in the vertical and horizontal directions are not the same as
those in the remaining directions14. Consequently, FSSta and StrS are
calculated over trabecular image sizes that are different that those
used for FSH and FSV. Thirdly, the OA cases underwent medial
meniscectomy about 20 years earlier and it is unclear to what
extent TB changes detected are affected directly by the altered load
distribution in the knee due to meniscectomy, or by subsequent OA
development10. Forthly, the sample size used in this work was
relatively small and it might not be adequate for making general-
ized statements about TB changes in knee OA.
The VOT method can be applied to X-ray images with pixel
resolutions other than0.05 0.05 mm. Typical spatial resolutions of
digital radiographs obtained from computed radiography or digital
radiography plates are between 0.16 mm and 0.2 mm. For these
resolutions the image size of TB ROI, that covers the bone area of
12.8 12.8 mm, used in studywill be smaller than 256 256 pixels.
For example, for the 0.2 mm pixel resolution the range of scales
provided by the VOTmethodwill be from1.2 mm to2.8 mm in steps
of 0.2 mm. Further studies are required to conﬁrm whether this
range of scales is adequate for detecting OA changes in knee joints.
In conclusion results obtained from the texture parameters
calculated by the VOTmethod and the augmented HOT method are
comparable in the reproducibility of texture parameters and the
ability to discriminate between non-OA and OA TB textures. The
VOTmethod produces a more detailed description of OA changes in
TB texture than the HOTmethod, since it quantiﬁes both TB texture
roughness and anisotropy at individual image sizes. The texture
parameters calculated by the VOT method exhibit less variation
between individual subjects than the HOT method.
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